The prevalence of obesity and diabetes mellitus type 2 is increasing rapidly around the globe. Recent insights have generated an entirely new perspective that the intestinal microbiota may play a significant role in the development of these metabolic disorders. Alterations in the intestinal microbiota composition promote systemic inflammation that is a hallmark of obesity and subsequent insulin resistance. Thus, it is important to understand the reciprocal relationship between intestinal microbiota composition and metabolic health in order to eventually prevent disease progression. In this respect, faecal transplantation studies have implicated that butyrate-producing intestinal bacteria are crucial in this process and be considered as key players in regulating diverse signalling cascades associated with human glucose and lipid metabolism.
Introduction
The recent epidemics of obesity and type 2 diabetes mellitus (T2DM) in western societies have challenged researchers to investigate the underlying pathophysiological mechanisms [1] . Although genetic factors and lifestyle contribute significantly to the susceptibility of these metabolic disorders, the role of intestinal microbiota as potential partaker in the development of obesity and subsequent insulin resistance has only recently gained momentum [2] . Trillions of bacteria are present in the human gastrointestinal tract containing at least 1 × 10 14 bacteria made up of from 2000 to 4000 different species of (an)aerobic bacteria. Among these indigenous bacterial populations (major phyla: Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria), commensal anaerobic species also are thought to have a significant influence in host structure and function. In adults, the commensal microbial communities are relatively stable, but can undergo dynamic changes as a result of its interactions with diet, genotype/epigenetic composition and immunometabolic function. Moreover, differences in intestinal microbiota composition in the distal gastrointestinal tract appear to distinguish lean versus obese individuals, suggesting that intestinal dysbiosis contributes to the development of obesity and its consequences [3, 4] . In line with this, Cani et al. demonstrated that a lower abundance of Grampositive, short chain fatty acid butyrate-producing anaerobic bacteria was associated with endotoxaemia, chronic inflammation and development of insulin resistance in mice [5] . However, the question remains as to whether these changes in intestinal microbiota composition are the cause or consequence of human obesity.
In this respect, faecal bacteriotherapy or faecal transplantation has been proved to be a highly effective and successful treatment for patients with several diseases [6] . The hypothesis behind the faecal bacteriotherapy rests on the concept of bacterial interference, in which pathogenic microbes are replaced by beneficial communities. We subsequently used this faecal transplantation model in a randomized control trial to test whether gut microbiota are related causally with human metabolism. Male insulinresistant subjects with metabolic syndrome received solutions of stool from lean donors, and a significant improvement in peripheral insulin resistance was observed in conjunction with altered (small) intestinal microbiota composition [7] . These include an increase in short chain fatty acid (SCFA) butyrate-producing intestinal bacteria, including Roseburia and Faecalibacterium spp. in faeces as well as small intestinal Eubacterium halli. Thus, it is tempting to speculate that intestinal bacteria are indeed causally involved in human metabolism. In this review, we aim to discuss current knowledge of intestinal (butyrate-producing) microbiota composition in obesity as well as the use of faecal transplantation using different donors to mine for beneficial intestinal bacterial strains to treat obesity and subsequent type 2 diabetes mellitus.
Development of intestinal microbiota composition
The intestinal microbiota of the newborn human was thought to be essentially sterile, but recent data suggest that modest bacterial translocation via placental circulation antenatally is likely to provide a primitive bacterial community to the meconium [8] . Although the new concept of fetal intestinal colonization remains controversial, recent ongoing studies using 16S rRNA gene pyrosequencing to characterize the bacterial population in meconium of preterm infants suggest that the bacteria of maternal intestine are able to cross the placental barrier and act as the initial inoculum for the fetal gut microbiota [8, 9] . Nevertheless, the infant's gut is only colonized fully by maternal and environmental bacteria during birth. Whereas the vaginally delivered infant's intestinal microbial communities resemble their own mother's vaginal microbiota (dominated by Lactobacillus, Prevotella or Sneathia spp.), newborns delivered by caesarean section harbour intestinal bacterial societies similar to those found on maternal skin surface, dominated by Staphylococcus, Corynebacterium and Propionibacterium spp. [9] . In this regard, it is interesting to note that mode of delivery (caesarean) is associated with increased risk of obesity later in life [10] . Other than the delivery mode, gestational age at birth, diet composition and antibiotic use by the infant may have significant impacts to determine the composition of the infant's intestinal microbial communities and body mass index (BMI) [11] . With respect to feeding pattern, the composition of intestinal bacteria differs substantially between breast-fed and formula-fed infants, which is thought to be due to the breast milk containing (prebiotic) oligosaccharides [12, 13] . The subsequent transformation of the intestinal microbiota from infant-to adult-type is triggered via bidirectional cross-talk between host and predominantly dietary and environmental factors [12, 14] , but remains relatively stable until the 7th decade of life [15] . It is thus likely that host (immunological) responses to inhabitant commensal bacteria differ from those elicited towards pathogens that do not belong to the indigenous microbiota [16, 17] . The precise mechanisms of how intestinal microbes affect and protect host immune physiology, however, are yet to be revealed.
Altered intestinal microbiota in obesity and insulin resistance: low-grade endotoxaemia as unifying mechanism
There is now solid evidence that composition of the intestinal microbiota is altered in obese people on a western diet compared to lean [18, 19] . Moreover, dietary composition seems to be one the most important determinants of intestinal microbiota diversity driving obesity [20, 21] . Bacteroidetes levels increase with lower BMI, which may be due either to low-fat or low-carbohydrate diets, suggesting that the caloric intake may be correlated positively with Bacteroidetes [14] . Due to differences in dietary fats in the western world in the United States versus Europe [22] , it is likely that the diet-induced changes in intestinal microbiota composition could partly explain the controversy regarding, e.g. the Firmicutes/Bacteroidetes ratio in humans [4, 14] . Nevertheless, it is now accepted that intestinal microbiota are involved in obesity, as germ-free ob/ob mice on both normal chow and high-fat diets remain significantly leaner than conventionally raised mice, despite a significantly higher food intake [23] . In line with this, metagenomic sequencing of the caecum microbiome of these ob/ob mice revealed that an enrichment of genes was involved in the breakdown of complex dietary polysaccharides [18] . Similar alterations showing enriched bacterial genes involved in carbohydrate sensing and degradation have also been observed in obese humans [24] . Studying intestinal microbial composition in well-phenotyped human subjects enrolled in relatively large metagenome-wide association studies (MGWAS) in both Chinese and European populations has further increased our understanding of the gut microbiota in the development of obesity and insulin resistance [25] [26] [27] . Karlsson et al. detected an enrichment of L. gasseri and S. mutans (both commensal bacteria in the mouth and upper intestinal tract) to predict development of insulin resistance in their cohort of postmenopausal obese Caucasian females [26] . Conversely, Qin et al. ' s Chinese T2DM cohort demonstrated that Escherichia coli, a Gram-negative bacterium which is associated with development of low-grade endotoxaemia, was more abundant. Moreover, clusters of genomic sequences acted as the database signatures for specific groups of bacteria and both studies found independently that subjects with T2DM were characterized by decreased short chain fatty acid (SCFA) butyrate-producing Clostridiales bacteria (Roseburia and F. prausnitzii), and greater amounts of non-butyrate producing Clostridiales and pathogens such as C. clostridioforme, underscoring a potential unifying pathophysiological mechanism.
It has long been recognized that insulin resistance and development of type 2 diabetes are characterized by systemic and adipose inflammation [19, 28] . The lipopolysaccharides (LPS) produced in the intestine due to the lysis of Gram-negative bacteria triggers proinflammatory cytokines that result in insulin resistance both in mice [5] and humans [29] . A more causal role was defined when germfree mice were colonized with E. coli, as this promoted macrophage accumulation and up-regulation of proinflammatory cytokines resulting in low-grade inflammation [30] . The mechanism via which LPS is translocated into the plasma might be either indirectly via indirect transport via dietary chylomicrons [31] or directly via leakage due to a decreased intestinal barrier function [5] . Taken together with the MGWAS studies, these data suggest that altered (less SCFA-producing) gut microbiota composition may affect the host metabolism via impaired intestinal barrier function resulting in low-grade endotoxaemia.
Altered short chain fatty acid-producing bacteria in obesity and insulin resistance
Earlier human studies had already reported that obese subjects have altered faecal SCFA levels which were linked to impaired epithelial intestinal barrier function [32] . Thus, the previous reported MGWAS association of T2DM with impaired butyrate production is of interest, as oral supplementation with butyrate can reverse insulin resistance in dietary-obese mice [33] and increase energy expenditure [34] , and we are currently performing such a study in human subjects with metabolic syndrome at our institution. Moreover, as germ-free mice produce almost no SCFA [35] , this suggests a direct pathophysiological mechanism between intestinal microbiota composition, bacterial SCFA in the intestine and development of insulin resistance. It has long been recognized that intestinal bacteria release short chain fatty acids, peroxidases, proteases and bacteriocins to prevent pathogens from settling in the intestine [36] . The main substrate available to the intestinal bacteria for this process is indigestible dietary carbohydrates, specifically dietary starches and fibres which are broken down into SCFAs (including acetate, propionate and butyrate) [32] . These SCFAs may serve as an energy source for intestinal epithelium and liver, given their transport predominantly via the portal vein after intestinal absorption (see Fig. 1 ). Other observations suggest that the signalling properties of the altered SCFAs may be more responsible for the metabolic effects of the obesity-associated microbiota than their caloric content. For example, SCFAs signal through several G-protein (GPR)-coupled receptors, including GPR-41 and GPR-43 [37] . Moreover, mice lacking GPR41 (the SCFA receptor most active in intestinal epithelial cells) have lower recovery of dietary SCFAs [38] , suggestive of a reciprocal mechanism between intestinal epithelial cell function, intestinal microbiota composition and their produced SCFAs. In line with this, these authors showed that the SCFA propionate was used for gluconeogenesis and lipogenesis, whereas the SCFA butyrate had a distinct effect on reduced inflammatory status via inhibition of nuclear factor (NF)-kappa-B transcription. Although it has been acknowledged that SCFAs have a direct immunomodulatory effect via improving intestinal permeability [33] , another possible mechanism could be indirect by acting as a histone deacetylase (HDAC) inhibitor, affecting proliferation, differentiation and methylation of gene expression [39] (see also Fig. 1 ).
Role of microbiota in bile acid homeostasis and insulin resistance
Bile acids have been highlighted as crucial metabolic integrators and signalling molecules involved in the regulation of metabolic pathways, including glucose, lipid and energy metabolism [40] . Older studies from the 1970s already implicated that germ-free animals have significantly increased bile acid concentrations and flow [41] . Follow-up studies showed that germ-free animals have elevated levels of conjugated bile acids throughout the intestine, with a strongly decreased faecal excretion [42] . More recently, these results were confirmed in experiments with mice treated with antibiotics to eradicate endogenous intestinal microbiota. Short-term administration of antibiotics in both rodents and humans significantly altered the faecal bile acid pool with a reduced proportion of secondary bile acids compared with primary bile acids [43] , as well as deterioration of insulin sensitivity [44] . Moreover, our study in obese males with metabolic syndrome indicated that L. plantarum content was associated with faecal primary bile acids, whereas short chain fatty acid (butyrate)-producing bacteria (such as F. prausnitzii and E. hallii) were correlated positively with faecal secondary bile acids and inversely with faecal primary bile acids. Compelling evidence suggests that intestinal bacteria are indeed causally involved in human bile acid metabolism comes from a recently published faecal transplantation study. These authors showed in a relatively small group of subjects with C. difficile-associated diarrhoea that faecal transplantation fully restored faecal bile acid composition with a decrease in primary bile acids and increase in secondary bile acids, suggestive of normalized bile acid dehydroxylation [45] , although a direct relation between glucose metabolism and normalized bile acid metabolism upon faecal transplantation was not shown in this study. Finally, in line with SCFAs, bile acids can also function as signalling molecules and bind to cellular receptors such as the bile acid synthesis-controlling nuclear receptor farnesoid X receptor (FXR) and TGR5 receptor. Both FXR and TGR5 have been implicated in the modulation of glucose homeostasis for regulation of plasma glucose levels, as TGR5 (binds secondary bile acids) promotes glucose homeostasis [46] , whereas FXR (activated by primary bile acids) impairs insulin sensivitivity [47] . Nevertheless, the specific (an)aerobic intestinal bacteria regulating TGR5 or FXR receptor function have not yet been identified.
Faecal transplantation in humans: overall efficacy via normalization of SCFA-producing bacteria?
Thus, the ability of the intestinal microbiota to affect host metabolism seems to be mediated by an interplay of at least four key components: dietary/nutrient intake, bile acids dehydroxylation, SCFA metablism and gut microbiota composition. As mentioned previously, we recently showed that faecal transplantation (infusing intestinal microbiota from lean donors) in humans with metabolic syndrome has beneficial effects on the recipients' microbiota composition (increase in SCFA-producing bacteria), with a concomitant improvement in insulin sensitivity [7] . We also found that not all lean donors convey the same effect on insulin sensitivity, as some donors had very significant effects (so-called super-faecal donor), whereas others had no effect. Preliminary analyses have suggested that this super-donor effect is most probably conveyed by amounts of SCFA-producing intestinal bacteria in their faeces, and further research is currently ongoing at our department. Transmissibility of human obesity was demonstrated recently using faecal transplantation from weight-discordant human twin-pairs in germ-free mice. Germ-free mice that were transferred faecal stool samples from obese-twin donors had a corresponding 20% increase in adiposity compared to recipients of the lean-twin faecal microbiota [48] . In a second set of experiments, using these same germ-free recipients, the authors demonstrated for the first time that obesity could be regarded as an infectious disease. For this experiment, lean-twin microbiota mouse recipients were co-housed with obese-twin microbiota mouse recipients, and nonconventionalized germ-free mice. Interestingly, intestinal microbiota from lean recipients was primarily responsible for resculpting the bacterial communities across all groups; an effect that was blunted when recipients were fed a highfat diet, suggesting that 'herd immunity' can play a role in protection against obesity when individuals are raised in a lean-subject household. These findings corroborate with recent data, showing that indwelling dogs have both a skin and intestinal microbiota composition that resembles their human household members [49] .
Conclusions
The intestinal microbiota is increasingly being accepted as an environmental player that affects human metabolism and may contribute to the development of obesity, insulin resistance and subsequent type 2 diabetes mellitus. Understanding the optimal intestinal microbiota composition and the key (anaerobic) bacterial species involved seems to be of pivotal importance to understanding of how to restore and maintain human health. As it is yet to be proved that intestinal bacteria play a causal role in the pathogenesis of obesity and insulin resistance, the fact that several biotech companies were founded in the last few years to mine for these diagnostic and therapeutic bacterial strains underscores the huge potential of this novel player in human metabolism [50] .
